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1.0  INTRODUCTION 

Ablation  and  viscous  effects  on  the  force  and  moment  characteristics  of  slender  cones 
are  not  well  understood.  This  report  is  the  first  in  a  planned  series  that  will  address  these 
problems. 

Ablation  is  generally  simulated  in  the  wind  tunnel  by  injecting  gas  through  the  surface 
of  a  porous  model.  This  mode  of  ablation  simulation  has  many  advantages  over 
low-temperature  ablators  and  so  is  an  attractive  technique.  However,  an  experimental  and 
analytical  comparison  of  transpirationally  cooling  a  model  as  opposed  to  using  a  subliming 
low-temperature  ablator  (camphor)  has  not  been  made  on  an  identical  model.  This  report 
presents  a  direct  experimental  and  analytical  comparison  between  the  two  modes  of 
ablation  simulation  on  the  force  and  moment  data  of  a  sharp  5-deg  cone  at  Mach  number 
10  under  laminar  flow  conditions.  The  model  was  fabricated  to  allow  testing  with  a  solid 
steel,  a  porous  shell,  or  a  camphor  sleeve  with  only  minor  model  configuration  changes. 
Tn  order  to  separate  the  infiuence  of  molecular  weight,  a  wide  range  of  gases  was  utilized. 
These  were  SFg  (sulphur  hexafluoride),  argon,  and  nitrogen,  which  have  molecular  weights 
of  146,  40,  and  28,  respectively.  The  molecular  weight  of  the  camphor  was  152.  The 
model  was  injected  into  the  tunnel  at  zero  angle  of  attack  for  a  few  seconds  and  pitched 
in  a  continuous-sweep  mode  to  over  3  deg  angle  of  attack  and  back  to  zero  at  a  rate 
of  approximately  I  deg  per  second.  These  data  were  taken  at  a  free-stream  Reynolds 
number  of  1.0  x  10®  per  foot. 

Solid  steel,  solid  camphor,  and  partial  camphor  models  with  a  nose-to-base  bluntness 
ratio  of  0.05  and  a  4-deg  half  angle  were  also  tested  over  a  free-stream  Reynolds  number 
range  from  0.302  x  10®  to  2.03  x  10®  per  foot.  The  camphor  model  pieces  were  weighed 
before  and  after  each  run,  and  the  time  exposed  to  the  flow  was  recorded.  Other 
nose-to-base-bluntness  ratios  were  also  tested  on  the  all-steel  model.  Figure  la  is  a 
photograph  of  the  4-deg  cone  model  installed  in  Tunnel  C.  A  sketch  showing  the  sting 
arrangement  of  the  5-deg  cone  mode!  is  shown  in  Fig.  ]  b.  This  arrangement  provided 
minimal  interference  of  the  sting  on  the  base  pressure. 

2.0  APPARATUS  AND  PROCEDURE 


2.1  WIND  TUNNEL 

Tunnel  C  is  a  closed-circuit  hypersonic  wind  tunnel  with  a  SO-in.-diam  test  section 
and  an  axisymmetric  contoured  nozzle  which  provides  a  nominal  Mach  number  of  10 
over  a  range  of  pressure  levels  from  175  to  2,000  psia.  Stagnation  temperatures  sufficient 
to  avoid  air  liquefaction  in  the  test  section  (up  to  2,000“R)  are  maintained  at  all  conditions. 
The  tunnel  is  equipped  with  a  model  injection  system,  which  allows  removal  of  the  model 
from  the  test  section  while  the  tunnel  is  in  operation. 
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a.  Photograph  of  basic  4  deg  model,  Rn/Rb  = 


b.  Schematic  of  5-deg  cone  model 
Figure  1.  Models  installed  in  Tunnel  C. 
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2.2  MODELS 

2.2.1  Sharp  5-deg  Cone  Model 

A  5-dcg  half-angle  cone  model,  21-in.  long  with  a  3.68-in.  base  diameter,  was  designed 
and  fabricated  for  these  experiments  (see  Fig.  2).  The  model  was  fabricated  with  an 
interchangeable  steel  nose  section,  rear  frustrum,  and  steel  base  plate  which  permitted 
testing  a  solid  steel  frustrum  or  camphor  frustrum  and  a  porous  sintered  metal  section. 


Model  1 
Model  2 


Configuration 

L 

Ll 

D 

4^ 

A 

8 

Steel  or 
Camphor 

2L003 

14. 219 

3.675 

0.6770 

0.266 

0 

Porous 

21.029 

14. 237 

3.680 

0.6770 

0.188 

0.281 

L  Used  for  Force  and 
D  Moment  Coefficients 


Figure  2.  5-deg  sharp  cone  test  model. 


Figure  3  shows  the  computed  distribution  of  ablation  along  the  camphor  surface 
(o  =  0)  relative  to  a  unil'onn  ablation  rate.  A  gross  calibration  of  the  porous  frustrum 
is  also  given  in  Fig.  3.  The  normalized  values  given  at  each  station  represent  the  measured 
flow  rate  at  that  location  on  the  model  surface  relative  to  a  calculated  flow  for  uniform 
blowing.  This  distribution  was  obtained  by  the  General  Electric  Company  (GE)  and  checked 
at  AEDC  using  a  hot-wire  probe.  It  is  very  difficult  to  build  into  a  porous  model  the 
distribution  one  would  like  to  have,  which  is  one  of  the  primary  disadvantages  of  this 
mode  of  ablation  simulation.  The  inlluence  of  this  type  of  distribution  on  the  zero  lift 
axial  force  can  be  computed.  However,  the  influence  on  the  static  stability  of  the  model 
Ls  not  easily  predicted.  A  laminar  boundary  layer  presumably  would  be  more  sensitive 
to  fluctuations  in  the  upstream  history  of  the  mass  injection  than  would  a  turbulent 
boundary  layer. 
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ComputRl  Camphor 
Distribution  @ 


^Measured  Porous 
- /  Distribution  (f) 


ir 

0,6  -  Start  of  Ablation 
or  Porous  Section 


/  Sta  nda  rd  D  eviation  of 

^  Porous  Section  ±20  percent 


End  of  Ablation 
or  Porous  Section 


4  6  8  10  12  14  18  2D  22 

Distance  from  Model  Nose,  In. 

Figure  3.  Relative  axial  distribution  of  camphor  or  porous  model. 

2.2.2  Basic  4-deg  Cone  Model 

A  4-deg  half-angle  cone  model,  17.875-in.  long  with  a  2.5-in.  base  diameter,  was 
also  designed  and  fabricated.  Steel  noses  with  tips  varying  from  sharp  to  Rn/R-b  =  0.224 
were  built  and  tested.  Camphor  noses  (Rn/Rb  =  0.05),  fnistrums,  and  aft  rings  were 
constructed  so  that  testing  of  an  all-camphor  model  or  all-steel  model  was  possible.  The 
basic  model  sketch  is  shown  in  Fig.  4.  Figure  5  shows  a  photograph  of  the  various  parts 
of  the  all-steel  model. 


Steel  Noses;  -  0i  0-Q5,  D.08^  0.12,  0.224 
Camphor  Noses:  3-  -  0. 05  (Initial) 

"b 
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Figure  5.  Photograph  of  steel  4-deg  model. 


2.3  BALANCE  AND  DATA  PRECISION 

A  spedal  three-component  force  balance  (VKF  Bal.  No.  4.00-Y-23-066)  was  designed 
and  fabricated  for  this  test  program.  The  original  design  criteria  for  this  balance  were 
as  follows:  the  balance  was  to  measure  normal  force  loads  up  to  9  Ibf  to  within  0.01 
Ibf  and  axial  forces  up  to  1.5  Ibf  to  within  0.003  Ibf,  and  pass  mass  flow  rates  up  to 
0.010  Ibm/sec  with  bellows  pressure  of  less  than  200  psia.  As  shown  in  Fig.  6,  the  mass 
flow  line  (a  0.125-in.-OD  tube)  passes  through  the  forward  and  aft  axial  members  of  the 
balance.  The  gas  supply  then  enters  a  small  bellows  section,  and  from  there  the  gas  passes 
through  ten  0.063-in.-diam  holes  into  a  manifold.  There  is  a  bellows  section  on  either 
side  of  this  section  of  the  0.1 25-in. -diam  gas  supply  line  to  minimize  the  influence  of 
the  mass  flow  system  on  the  balance  performance.  A  water  jacket  encloses  the  balance 
to  keep  the  balance  temperature  within  operational  limits. 
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Gas  Supply 


b.  Mass  addition  bellows  system 
Figure  6.  Three-component  mass  addition  balance. 


The  actual  performance  of  the  balance  follows;  the  uncertainties  shown  represent 
the  measurement  residuals  which  bracket  95  percent  of  the  data,  which  represents  the 
differences  between  the  applied  loads  and  the  loads  calculated  from  the  balance  calibration 
equations  used  in  the  final  data  reduction. 


Component 
Nornial  Force 
Pitching  Moment 
•Axial  Force 


Balance  Repeatability 


Units 

Ihf 

in.-lbf 

Ibf 


Gas  Supply 
On 

±0.029 

±0.103 

±0.010 


Gas  Supply 
Off 

±0.008 

±0.015 

±0.003 
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The  balance  performance  met  the  original  design  criteria  with  the  mass  flow  system 
disconnected;  however,  the  presence  of  the  gas  supply  (i.e.,  pressure  in  the  mass  flow 
line)  reduced  the  balance  performance  so  that  the  uncertainty  in  the  force  measurements 
increased  by  a  factor  of  about  5,  as  noted.  An  overall  repeatability  of  the  data  from 
run  to  run  and  tunnel  entry  to  tunnel  entry  is  given  below. 


Po »  psia 

Cn 

Cm 

Cat 

Ca 

175 

±0.0010 

±0.0015 

±0.002 

±0.0025 

1,500 

±0.0007 

±0.0010 

+  0.001 

±0.0015 

2.4  TEST  TECHNIQUES 

As  a  result  of  the  nature  of  the  models,  the  sensitivity  of  the  specially  designed 
balance,  and  the  test  requirements,  nonstandard  test  procedures  for  wind  tunnel  force 
measurements  were  employed.  Since  some  of  the  models  used  in  the  test  programs  ablated 
with  time  when  exposed  to  an  air  stream,  it  was  necessary  to  restrict  this  time  of  exposure 
in  the  air  stream  to  less  than  a  minute.  The  sensitivity  of  the  balance  output  and  the 
adverse  model  vibration  produced  by  the  tunnel  operation  required  that  electrical  filters 
be  imposed  on  the  balance  electrical  responses.  Also,  the  presence  of  a  mass  flow  or 
pressurized  bellows  system  in  the  balance  which  affected  the  zeros  and  repeatability  of 
the  balance  imposed  additional  restrictions  on  the  testing  technique.  Finally,  the  obvious 
test  requirement  to  record  the  maximum  amount  of  useful  information  including  repeat 
data  in  the  shortest  time  interval  indicated  that  a  continuous-sweep,  data-recording  mode 
of  operation  should  be  employed.  This  means  that  as  the  sector  was  pitched  through 
an  angle  of  attack,  the  test  results  were  continuously  recorded  at  the  rate  of  1,400  words 
per  second.  Nominally,  each  measurement  (i.e.,  each  balance,  pressure,  temperature,  and 
model  parameter)  was  recorded  50  times  per  second.  A  single  data  point  consisted  of 
the  average  value  of  14  recorded  measurements  of  an  individual  input  channel. 

In  the  case  of  the  ablative  models,  the  following  procedure  was  adopted  in  recording 
the  test  results.  The  ablative  components  of  the  model  wore  weighted  before  and  after 
each  run;  also,  an  evaluation  was  made  of  the  time  the  model  was  exposed  to  the  air 
stream.  In  addition  to  weighing  the  model  components,  the  3-coniponent  force  balance 
was  also  used  to  defme  the  model  tare  weight  before  and  after  each  model  injection  into 
the  tunnel  air  stream.  Once  the  instrumentation  was  activated,  the  model  was  injected 
into  the  tunnel  at  zero  angle  of  attack  and  then  automatically  pitched  slowly  (about  1 
deg  per  second)  to  a  maximum  angle  of  3  to  4  deg  and  then  back  to  0,  and  to  -1  deg, 
and  finally  returned  to  zero  angle  of  attack  and  immediately  retracted.  A  typical  run 
sequence  is  shown  in  Fig.  7.  The  forward  50  percent  of  the  4-deg,  all-camphor  model 
is  compared  in  Fig.  8  at  several  times  with  the  all-steel  model  showing  how  much  the 
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Figure  7.  Data  versus  time  for  basic  cone,  Rn/Rb  =  0.05,  6c  =  ^  deg. 


Group  3  Metal  Model 


Group  21,  Camphor  Model,  t  -  0 


Group  21 ,  Camphor  Model ,  t  -  5  sec 


Group  21,  Camphor  Model,  t  -  15  sec 


Figure  8.  Forward  50  percent  of  the  basic  4-deg  cone,  Rn  /Rb  =  0.05, 
Po  =  250  psia.  To  =1,823"R,  =  10,  a  =  0. 
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camphor  ablated  during  the  run.  Since  some  models  were  fitted  with  an  ablative  sleeve 
to  protect  the  model  nose  during  the  model  injection  into  the  air  stream,  a  pause  at 
the  beginning  of  each  pitching  sequence  was  needed  so  that  this  protective  sleeve  would 
ablate  and  fall  free  of  the  model.  In  most  cases,  the  balance  was  sensitive  enough  to 
confirm  by  means  of  the  axial-force  measurement  when  the  ablative  sleeve  fell  free  of 
the  model  nose.  The  performance  of  the  sleeve  was  erratic,  and  after  a  few  runs  this 
procedure  was  stopped.  By  utilizing  the  model  injection  system  the  ablative  sections  of 
the  model  could  be  changed  in  5  or  10  minutes  and  data  on  the  new  configuration 
immediately  obtained. 

The  same  process  was  used  when  data  were  recorded  for  the  porous  mass  addition 
and  solid  stainless  steel  model  configurations.  In  the  case  of  the  porous  models,  all  model 
zeros  were  recorded  in  the  injection  tank,  after  the  mass  flow  rate  through  the  model 
was  established  and  prior  to  injection  of  the  model  into  the  air  stream.  These  preloading 
procedures  improved  the  repeatability  of  the  balance  zeros  and  the  reliability  of  the  test 
results. 

The  mass  flow  system  shown  in  Fig.  9  was  used  to  establish  prescribed  flow  rates 
through  the  model.  Two  heat  exchangers  were  required  to  convert  the  liquid  supply  of 
SF5  (sulfur  hexafluoride)  to  a  gaseous  state.  The  container  of  liquid  SFe  was  placed  in 
a  SO-gal  drum  of  water,  and  then  steam  was  passed  through  a  line  in  the  water  bath 
to  heat  up  the  bottle  of  SFg  as  suggested  in  the  schematic  by  the  item  designated  "Heat 
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Exchanger  No.  1."  The  gaseous  SFg  was  metered  through  a  vaJve,  and  the  flow  rate  was 
measured  by  means  of  interchangeable  0.013-  or  0.026-in. -diam  sonic  orifices.  A  second 
heat  exchanger  was  located  in  this  system  to  provide  additional  assurance  that  the  SFg 
remained  in  a  vapor  state.  As  indicated  in  the  figure,  either  SF«,  argon,  or  nitrogen  could 
be  supplied  by  making  a  change  in  the  supply  line  system  at  point  "A"  in  the  mass 
flow  system. 


3.0  ABLATION  SIMULATION 
3.1  CALCULATION  OF  MODEL  WEIGHT  LOSS 


Reentry  vehicles  traveling  at  high  velocities  require  some  sort  of  thermal  protection 
system  to  prevent  internal  damage  caused  by  aerothermodynamic  heating.  A  passive  system 
in  which  the  skin  of  the  vehicle  is  covered  with  an  ablating  material  is  generally  used, 
especially  on  the  afterbody  surfaces  of  the  vehicle.  Complex  computer  codes  are  required 
in  order  to  compute  the  mass  loss  of  a  vehicle  with  a  realistic  material  that  has  a  relatively 
high  heat  of  ablation.  For  such  materials  as  teflon  and  camphor,  which  have  a  relatively 
low  sublimation  temperature,  an  "effective-heat-of-ablation"  approach  can  be  utilized. 


2qo.w 

(.py)w 


(1) 


where 


(pv)w  =  Local  mass  injection  rate  at  wall 

Qo.w  =  Wall  heat-transfer  rate  with  no 
blowing  or  ablation 

Z  =  Percent  reduction  in  qo,w  caused  by 
upstream  ablation 

H*  =  Effective  heat  of  ablation 

An  experimental  value  of  H*  can  be  determined  for  camphor  by  measuring  the 
stagnation  recession  rate  of  the  camphor  models  under  conditions  of  interest.  Figure  10 
gives  the  "effective  heat  of  ablation"  derived  from  the  present  experiments  compared  to 
some  previous  data  under  similar  test  conditions  (see  Ref.  1).  The  data  of  Fig.  10  will 
be  used  to  calculate  the  total  mass  loss  for  camphor  models  tested,  and  that  result  will 
be  compared  with  the  measured  mass  loss. 


Rewriting  Eq.  (1)  gives 


(pv)w 


,w 

H* 


(2) 
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Figure  10.  Experimental  heat  of  ablation  for  camphor,  laminar  flow. 

It  is  now  possible  to  calculate  and  integrate  the  local  mass  loss  down  the  body  by  knowing 
only  H*,  qo,w,  Z,  and  time.  The  effective  heat  of  ablation,  H*.  is  known  (Fig,  10),  the 
heat-transfer  rate  with  no  ablation  ('cio.w)  can  be  calculated  (see  Ref.  2),  and  only  the 
upstream  influence  of  ablation  on  qo.w  is  left  unknown. 


Figure  1 1  presents  a  theoretical  analysis  of  the  reduction  of  local  surface  heat  rates 
due  to  upstream  blowing  for  air-into-air.  Allowing  for  changes  in  the  molecular  weight 
between  air  and  the  actual  model  material,  the  following  expression  can  be  derived  from 
the  theoretical  data  of  Fig.  1 1 : 


Z  =  1.0  -  0.4073  .(B„(X,Y) 


K(MW),iA-l 

Tm^wJ 


1/3 


+  0.0425  <Bo(X,Y) 


K(MW),  i:\rj 
(MW)g3j 


l/3^2 


where  the  term 


r-*rm  I  ■  * 

_\(MW) 


(3) 


follows  Eq.  (227).  pp.  17  and  18  of  Ref,  3. 
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Figure  IT.  Effect  of  upstream  and  local  ablation  on  model  surface  heat-transfer  rata. 


A  more  rigorous  analytical  treatment  of  the  influence  of  molecular  weight  is  being 
made  by  the  use  of  the  Boundary-Layer  Integral  Matrix  Procedure  (BLIMP)  and  the 
Aerotherm  Chemical  Equilibrum  (ACE)  computer  codes.  However,  in  the  present  report 
Eq.  (2)  will  be  utilized  as  a  check  against  the  actual  measured  mass  loss  of  a  given 
configuration. 

Figure  12a  shows  a  corriparison  between  the  total  measured  weight  loss  and  computed 
weight  loss  of  a  series  of  camphor  models  over  a  range  of  tunnel  flow  conditions.  Excellent 
agreement  is  noted  which  adds  validity  to  the  quoted  ablation  rates  given  in  Section  4.0 
for  the  camphor  models.  Figure  12b  also  shows  excellent  agreement  between  the  computed 
recession  rate  and  the  actual  measured  rate  for  three  tunnel  flow  conditions.  Since  these 
data  were  used  in  the  evaluation  of  H*.  the  agreement,  of  course,  has  to  be  good. 
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a.  Computer  versus  measured  total  weight  loss 


b.  Nose  recession 

Figure  12.  Comparison  of  measured  and  calculated  nose  recession 
rates  and  model  weight  loss. 
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3.2  SIMULATION  PARAMETER 

The  blowing  or  ablation  rates  are  normalized  by  the  nonablating  heat-transfer 
coefficient  at  the  end  of  the  body  for  ease  of  comparison.  Hence  the  simulation  parameter 
to  be  used  is  defined  as  follows: 


Zm  (He -h^) 

Bo  =  p - ; - ^ -  (4) 

(<lo,w)x_  (Sw) 

L"' 

Figure  13  presents  the  computed  heat-transfer-rate  distribution  of  the  5-deg  sharp 
cone  for  the  camphor-type  distribution  (see  Fig.  3)  and  the  porous-type  distribution 
compared  to  a  no-blowing  case.  These  calculations  are  made  following  the  work  of  Adams 
in  Ref  2.  The  theoretical  reduction  in  friction  drag  for  a  range  of  blowing  rates  is  given 
in  Fig.  14.  The  camphor-type  mass  rates  over  the  model  result  in  a  slightly  greater  reduction 
in  friction  drag  for  the  same  simulation  parameter  (Bo).  It  should  be  noted  that  the  results 
of  Fig.  14  represent  air-into-air  blowing  using  the  camphor-type  distribution  and 
blowing  distribution  from  Fig.  3. 


Figure  13.  Theoretical  reduction  of  heat-transfer  rate  on  5-deg  cone 
caused  by  ablation  or  blowing. 
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Figure  14.  Theoretical  reduction  of  friction  drag  on  B-deg  cone  caused  by  blowing. 


4.0  RESULTS  AND  DISCUSSION 

4.1  5-DEG  SHARP  CONE 

4.1.1  Transpiration  Experiments  <SF*,  Ar,  N2) 

The  basic  data  for  the  transpirational  cooling  experiments  are  given  in  Figs.  15  through 
17.  The  data  for  zero  blowing  were  taken  using  Model  1  (Fig.  2)  in  order  to  keep  the 
porous  sintered  metal  from  being  exposed  to  the  high  stagnation  temperature  of  Tunnel 
C  without  surface  cooling.  Injecting  SFg  through  the  surface  of  Model  2  (Fig,  2)  moves 
the  center  of  pressure  forward,  decreases  the  normal-force  coefficient,  and  decreases  the 
axial  force  (see  Fig.  15).  The  boundary  layer  of  the  model  is  undoubtedly  "blown"  off 
at  the  highest  blowing  rate  (B^  =  1.578).  The  decrease  in  normal  force  is  most  probably 
caused  by  higher  surface  pressures  on  the  lee  side  of  tlie  model  because  of  blowing.  The 
reduction  in  axial  force  is  caused  by  the  lower  model  friction  drag.  The  forward  movement 
in  the  center  of  pressure  may  also  be  partly  caused  by  reducing  the  friction  drag  of  the 
model,  since  viscous  effects  tend  to  move  the  center  of  pressure  aft  on  the  model. 

Figures  16  and  17  present  the  data  with  argon  and  nitrogen  blowing.  The  trends 
are  very  similar  to  the  SFg  results,  indicating  a  weak  influence  of  molecular  weight  on 
the  drag  and  static  stability  of  the  model  caused  by  blowing. 
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Figure  15.  Basic  data  for  sharp  5-deg  cone,  SFe  blowing. 
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4.1.2  Camphor  Ablation  and  Comparisons 

The  elTect  of  camphor  ablalion  on  llie  5-deg  sharp  cone  is  sliown  in  I'ig.  IH.  Data 
lor  Sl’V,  al  a  similar  blowing  rale  are  also  shown  so  lliat  a  direct  comparison  can  be 
made  between  the  two  modes  of  ablation  simulation.  C'amphor  ablation  causes  a  greater 
reduction  in  C\ ,  especially  at  angle  of  attack,  and  only  a  slight  forward  shift  in  the  center 
ol  pressure.  I'art  of  the  reason  for  the  greater  reduction  in  is  most  probably  a  higher 

"effective”  B,,  at  angle  of  attack  for  the  camphor  model.  I'he  reason  for  the  U-Z-S-percent 
center  of  pressure  difference  could  be  the  difference  in  distribution,  but  this  is  not 
absolutely  clear. 


a.  jeq  a,  deg 


Figure  18.  Comparison  of  camphor  ablation  and  SFe  blowing. 

A  summary  of  the  effect  of  the  two  modes  of  ablation  simulation  is  presented  in 
Fig.  19  versus  angle  of  attack  and  the  blowing  parameter  Bo.  fhe  zero  angle-of-attack 
axial-force  tlata  show  a  dellnite  trend  with  molecular  weight.  The  normal  force  is  reduced 
in  a  similar  manner  by  all  three  of  the  injected  gases  and  also  by  the  camphor  ablation. 
The  molecular  weight  of  the  injected  gas  has  no  significant  inlluence  on  the  amount  of 
the  forward  center  of  pressure  shift,  and  the  mode  of  ablation  has  only  a  slight  effect, 
as  noted. 
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Figure  19.  Summary  of  5-deg  cone  ablation  and  blowing  data. 
4.2  4  DEG  CONE 

4.2.1  Camphor  Ablation  and  Bluntness  Effects 


Basic  data  for  the  effect  of  camphor  ablation  and  nose  bluntness  on  the  force  and 
moment  data  ol  a  4-dep  cone  are  given  in  Figs.  2U  through  22.  Details  of  the  cone 
conhguration  are  given  in  l-ig.  4.  The  test  models  were  made  all  camphor,  part  camphor, 
or  all  steel.  Data  for  all-steel  and  all-camphor  models  are  presented  for  three  test  conditions' 
in  Tunnel  C.  These  are  p„  =  |  ,5UU.  700.  and  250  psia.  with  only  slight  changes  in  M 
and  T...  The  quoted  bluntness  ratio  (Rn  'Rh)  on  the  all-camphor  models  is  an  average 
value  measured  during  the  sweep  cycle  from  enlarged  photographs.  The  total  sweep  cycle 
would  take  about  «  sec  with  Rn;Rb  increasing  about  0.004.  0.003.  and  0.002  per  second 
Po  -  1.500.  700.  and  250  psia.  respectively.  Generally,  data  only  for  the  positive 

angle-ot-attack  sweep  part  of  the  run  at  p„  =  1.500  psia  were  used  because  of  the  higher 
rate  ot  nose  ablation. 
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Figure  20.  Basic  data  for  4-deg  cone,  po  =  1,500  psia. 
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Figure  21.  Basic  data  for  4-deg  cone,  Po  =  700  psia. 
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Figure  22.  Basic  data  for 
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cone,  po  =  250  deg. 


Figure  23  presents  a  summary  of  the  model  center  of  pressure  at  a  =  2.5  deg  versus 
bluntness  ratio.  Nose  bluntness  has  a  significant  inlluence  on  the  model  center  of  pressure, 
especially  in  the  region  between  Rn/Rb  =  0  05  and  0.10.  Hence  great  care  must  be  taken 
when  data  are  compared  between  two  similar  models.  A  small  forward  shift  caused  by 
camphor  ablation  can  be  noted  in  X<-p/L  which  supports  the  data  presented  for  the  5-deg 
cone  in  Section  4.1.  Also  worthy  of  note  in  Fig.  23  is  the  forward  movement  in  Xcp/L 
with  decreasing  M^/VRc^l  suggesting  a  strong  viscous  effect.  Section  4.2.2  presents 
additional  data  showing  that  this  strong  viscous  inlluence  is  real.  Figure  24  illustrates  the 
inlluence  of  camphor  ablation  on  and  Cn  of  the  4-deg  cone.  A  close  inspection  of 
the  data  will  show  a  similar  reduction  in  friction  drag  due  to  camphor  ablation  on  the 
4-deg  data  presented  here  and  the  5-deg  data  of  Section  4.1.  No  significant  reduction 
in  due  to  ablation  is  noted.  This  is  not  in  severe  disagreement  with  the  5-dcg  data 
of  Section  4.1  since  a  decrease  in  C'n  of  only  3  percent  is  noted  in  Fig.  19,  which  is 
within  the  scatter  of  the  data  of  Fig.  24. 
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Figure  23.  Effect  of  bluntness  on  Xcp/L  of  4-deg  cone. 
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4.2.2  Viscous  Effects 

Data  for  the  4-dcg  sharp  cone  are  given  in  Fig.  25  over  a  free-stream  Reynolds  number 
range  based  on  model  length  from  0.451  k  10*  to  3.03  x  10*.  A  significant  forward 
shift  is  noted  in  X^p/L  as  Reynolds  number  increases  while  no  change  is  noted  in  the 
normal-force  coefficient.  Note  also  the  significant  increa.se  in  as  increases. 

The  center  of  pressure,  Xj.p/L.  at  a  given  angle  of  attack  also  correlates  with  .M^/\/Re_  l 
and  at  a  =  3.5  shows  a  1.25-perccnl  afl  shift  in  center  of  pressure  over  the  inviscid  value 
at  the  lower  Reynolds  number  tested. 

Figure  26  presents  data  for  a  slightly  blunted  (Rn  /Rb  =  0.05)  4-deg  cone.  The  trends 
are  similar  to  the  sharp  cone  data  of  Fig.  26  with  some  added  scatter  in  the  X^.p/L  data. 

A.  summary  of  the  sharp  cone  Xcp/L  data  is  given  in  Fig.  27  for  a  =  2.5  deg.  Figure 
27a  shows  the  variation  of  X^.p/L.  for  both  the  4-  and  5-deg  cones  with 
indicating  a  significant  viscous  effect  for  these  cones.  Since  ablation  or  blowing  reduces 
the  friction  drag,  it  is  therefore  reasonable  to  expect  some  change  in  Xcp/L.  Figure  27b 
shows  that  the  trend  in  Xcp/l  with  Bjj  follows  the  reduction  in  friction  drag.  The  trend 
with  Bo  could,  however,  change  if  one  had  a  high  amount  of  forward  or  aft  ablation 
(see  Ref.  4). 

Syw  CD  CD,  L  CD  ■  CD,  L 
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a  9  88  0  874 «  lof  0. 0106 
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o  9  81  0.4512  x  10®  0  0146 


Figure  25.  Drag  and  static  stability  data  for  4-deg  sharp  cone. 
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Figure  26.  Concluded. 
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a.  Viscous  effect  b.  Ablation  effect 

Figure  27.  Viscous  and  simulated  ablation  effects  at  a  =  2.5  deg. 
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Figure  28  presents  a  comparison  of  the  theoretical  reduction  of  friction  drag  (see 
Fig.  14)  and  a  summary  of  the  porous  model  data  with  SFg  blowing  and  camphor  ablation 
data  at  zero  angle  of  attack.  As  noted  before,  camphor  is  more  efficient  in  reducing  the 
friction  drag  than  is  blowing. 

Experimental  Data 
Sym  ^ 

5  SFj 


Figure  28.  Reduction  of  friction  drag  on  5-deg  cone  caused  by  blowing 
and  ablation,  a  =  0. 

5.0  SUMMARY 

Results  of  the  research  are  summarized  as  follows: 

1.  A  direct  comparison  between  a  model  utilizing  blowing  and  one  using  a 
subliming  low-temperature  ablator  (i.e.,  camphor)  reveals  small  but 
significant  differences  in  the  moment  and  drag  characteristics  for  a  5-deg 
cone  half-angle  with  a  sharp  nose. 

2.  Simulated  ablation  using  camphor  is  more  effective  in  reducing  the  laminar 
friction  drag  of  the  sharp  5-deg  cone  than  is  blowing  through  a  porous 
surface  using  any  of  the  injected  gases  (i.e..  N2,  Ar.  or  SFg),  especially 
at  angle  of  attack  (a  <  4  deg). 

3.  The  center  of  pressure  (Xcp/L)  moves  forward  on  the  model  with  blowing 
or  ablation.  No  effect  of  molecular  weight  is  noted  in  the  X^p/L  movement. 
Camphor  ablation  results  in  0.2  percent  forward  movement  at  Bo  =  1.18, 
whereas  blowing  shifts  the  X^p/L  =  0.4  percent. 
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4.  The  normal-force  coefficient  is  decreased  slightly  (approximately  4  percent) 
with  both  blowing  and  ablation.  Most  probably  the  lee  side  pressures  are 
increased  on  the  model. 

5.  A  small  amount  of  nose  bluntness  (R^/Rb)  shifts  the  center  of  pressure 
rearward  by  a  considerable  amount  (up  to  4.5  percent)  below  a  bluntness 
ratio  of  0.12. 

6.  A  strong  viscous  effect  is  noted  on  both  the  sharp  and  slightly  blunted 
4-deg  cones.  The  axial-force  coefficient  is  increased  with  decreasing 
Reynolds  number,  whereas  the  center  of  pressure,  Xcp/L,  moves  aft. 
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NOMENCLATURE 

Model  dimension,  see  Fig.  2 
Model  dimension,  see  Fig.  2 
Blowing  parameter,  see  Eq.  (4) 

Local  blowing  parameter,  see  Fig.  I  1 
Reference  center  of  gravity 
Forcbody  axial-force  coefficient.  Cat  +  Ca  b 


A 

B 

Bo 

Bo(X.Y) 

eg 

Ca 
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Ca  B 

Cat 

Cap 

CaFo 

Cm 

Cn 

D 

H* 

He 

hw 

L 

Li 

M 

(MW)3ir 

(MW)g33 

N 

N2 

Pb 

Po 


[(Pb/Po.)  -  1] 

Base  drag  coefficient.  Cab  =  - - 

7M2/2 

Total  drag  coefficient 

Similar  friction  drag  with  blowing  or  ablation 
Similar  friction  drag  with  no  blowing  or  ablation 
Pitching-moment  coefficient,  M/q^SiefD 
Normal-force  coefficient,  N/q^Sref 
Model  diameter 

Effective  heat  of  ablation,  Btu/lb 

Stagnation  enthalpy  behind  a'  normal  shock,  Btu/lb 

Wall  enthalpy,  Btu/lb 

Total  model  axial  length 

Model  axial  length  from  apex  to  model  eg 

Pitching  moment 

Free-stream  Mach  number 

Molecular  weight  of  test  gas 

Molecular  weight  of  injected  gas  or  ablated  material 

Local  blowing  or  ablation  rate,  Ib/ft^-sec 
Normal  force 
Nitrogen 
Base  pressure 

Stagnation  pressure  in  reservoir,  psia 
Free-stream  pressure 
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Wall  heat-transfer  rate  with  blowing  or  ablation,  Btu/ft^-sec 
Wall  heat-transfer  rate  with  ho  blowing  or  ablation 
Free-stream  dynamic  pressure 
Rb  Model  base  radius 

Re^^L  Free-stream  Reynolds  number  based  on  model  length 

Rn  Model  nose  radius 

Rn  /Rb  Bluntness  ratio 

SF6  Sulphur  hexafluoride 

Sier  Reference  area,  ttRq 

Sw  Total  surface  area  of  model 

Tw  Wall  temperature,  ’R 

To  Stagnation  temperature,  “R 

V  Velocity  normal  to  surface 

X  Axial  distance  from  apex  of  model 

Xcp/L  Center  of  pressure  defined  as  (-Cm/CN)(D/L)  +  (eg) 

Z  Percent  reduction  in  qo,w  caused  by  upstream  ablation 

a  Angle  of  attack,  deg 

7  Ratio  of  specific  heats 

6c  Cone  half  angle,  deg 

p  Density 

(pv}w  Local  mass  injection  rate  at  wall 

Srhw  Summation  of  upstream  ablation  or  blowing,  Ib/sec 
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